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a b s t r a c t 
The new series of commercially produced high temperature superconducting (HTS) tapes based on the 
YBa 2 Cu 3 O 7 (YBCO) structure have attracted renewed attention for their performance under applied mag- 
netic ﬁelds without signiﬁcant loss in supercurrent compared to the earlier generation of conductors. 
This adaptability is achieved through rare earth substitution and dopants resulting in the formation of 
nanoparticles and extended defects within the superconducting ﬁlm matrix. The electrical performance 
of Zr-(Gd x ,Y 1 −x )Ba 2 Cu 3 O 7 and (Y 1 −x ,Dy x )Ba 2 Cu 3 O 7 coated conductor tapes were tested prior to and after 
neutron exposures between 6.54 ×10 17 and 7.00 ×10 18 n/cm 2 ( E > 0.1 MeV). Results showed a decrease 
in superconducting current with neutron irradiation for the range of ﬂuences tested, with losses in the 
Zr-(Gd x ,Y 1 −x )Ba 2 Cu 3 O 7 conductor being more rapid. Post-irradiation testing was limited to evaluation at 
77 K and applied ﬁelds of up to 0.5 Tesla, and therefore testing at lower temperatures and higher applied 
ﬁelds may result in improved superconducting properties as shown in previous ion irradiation work. Un- 
der the conditions tested, the doped conductors showed a loss in critical current at ﬂuences lower than 
that of undoped YBa 2 Cu 3 O 7 tapes reported on in literature. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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The goal of this work is to evaluate the irradiation response
f coated conductors based on rare earth and nanoparticle dop-
ng of YBa 2 Cu 3 O 7 −x (YBCO) high temperature superconductors and
o provide a preliminary evaluation of these types for possible fu-
ion magnet applications. The materials under investigation repre-
ented different methods for enhanced ﬂux pinning for improved
erformance under externally applied magnetic ﬁelds. Ion irradi-
tion by 5 MeV Ni and 25 MeV Au were previously investigated
or coated conductor tapes of GdBa 2 Cu 3 O 7 , Zr-(Gd x ,Y 1 −x )Ba 2 Cu 3 O 7 
nd (Y 1 −x ,Dy x )Ba 2 Cu 3 O 7 [1,2] . While predominantly within in the
lectronic stopping regime, the ion irradiation conditions studied
or these HTS tapes were within a low electronic to nuclear stop-
ing ratio ( S e /S n ). Comparison with earlier data on YBCO tapes re-
ealed a signiﬁcant sensitivity of conductors to electronic stopping
ffects [1] , but also showed promising irradiation data for the rare-
arth and nano-particle doped conductors suggesting that such∗ Corresponding author. Tel.: + 1 865 576 3687. 
E-mail address: leonardk@ornl.gov (K.J. Leonard). 
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conducting ﬁlms based on YBCO, Nuclear Materials and Energy (2016),onductors may perform well under neutron irradiation. Based on
he preliminary results from ion irradiation studies further work
n the GdBa 2 Cu 3 O 7 tapes was not continued. This was due to the
reater sensitivity of this material to ion irradiation compared to
he Dy and Zr-doped conductors. While the performance of the ion
rradiated GdBa 2 Cu 3 O 7 ﬁlms was improved with respect to con-
entional YBCO ﬁlms, Gd 2 O 3 nanoparticles present within the ﬁlms
which in addition to stacking-fault and intergrowth gives the con-
uctor improved in-ﬁeld performance) dissolved with increasing ir-
adiation ﬂuence. 
In this work, the response of Zr-(Gd x ,Y 1 −x )Ba 2 Cu 3 O 7 and
Y 1 −x ,Dy x )Ba 2 Cu 3 O 7 coated conductor tapes to neutron irradia-
ion is examined. Electrical characterization of two high tem-
erature superconducting (HTS) tapes was performed both prior
o and following irradiation. The Zr-(Gd x ,Y 1 −x )Ba 2 Cu 3 O 7 and
Y 1 −x ,Dy x )Ba 2 Cu 3 O 7 tapes are commercially available from Su-
erPower and American Superconductor, respectively, and utilize
anoparticles and correlated defect structures within the ﬁlms to
roduce conductors for operation under higher applied magnetic
elds than earlier YBCO tapes. The results of neutron exposures
etween 6.54 ×10 17 and 1.12 ×10 19 n/cm 2 ( E > 0.1 MeV) at irra-
iation temperatures of ∼80 °C were examined. nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
f rare earth and nanoparticle enhanced high temperature super- 
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Fig. 1. Photos and schematic diagram of the bridged tapes and components of the neutron irradiation capsules used for this study. The superconducting tapes were placed 
on high purity aluminum support bars and wrapped in aluminum foil. Inside the capsules the tapes were in contact with the inner wall of the capsule to provide maximum 
cooling. 
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sExperimental methods 
The Zr-(Gd x ,Y 1 −x )Ba 2 Cu 3 O 7 was purchased from Superpower
Inc. and consists of an approximately 0.8 μm thick superconduct-
ing ﬁlm deposited via metal organic chemical vapor deposition on
a 1-cm-wide MgO IBAD buffered metal strip. The “Zr-YBCO” ma-
terial involves Zr doping (5 at%) that results in as-grown stacks of
barium zirconate nano-disks designed to provide correlated pin-
ning for ﬁelds aligned near the c- axis [3] . The (Y 1 −x , Dy x )Ba 2 Cu 3 O 7
tape, designated “Dy-YBCO”, was provided by American Supercon-
ductor and was fabricated through metal organic deposition (MOD)
on a RABiTS TM template. It has a nominal superconducting layer
thickness of 1.2 μm (excluding non-superconducting phases and
porosity). The Dy-doping of the Dy-YBCO at Y:Dy of 2:1, resulted in
an as-grown random distribution of (Dy,Y) 2 O 3 nanoparticles and a
high density of ab -plane defects designed to provide an enhanced
self-ﬁeld critical current ( I c ) and strong pinning for ﬁelds parallel
to the ab -planes at temperature > 50 K [4–6] . 
Prior to irradiation, samples were reduced in width to 6 mm to
ﬁt within the irradiation capsules. The samples were then sputter
coated with a ∼2 μm thick Ag over layer. A 2 mm long and 1 mm
width bridge was created using an Eolite QuikLaze 50ST focused-
laser-beam scribing system. All samples were characterized prior to
and after neutron irradiation. Indium foil was applied between the
Ag over layer and the copper current electrodes to limit the electri-
cal contact resistance to between ∼10 −6 and 10 −4 . The mounted
sample was placed in liquid nitrogen ( ∼77 K) between the pole
faces of a copper-wound magnet, and the critical current, I c , was
measured a) for variable magnetic ﬁeld strength (up to 0.5 Tesla)
and ﬁxed magnetic ﬁeld angle, φ, normal to the tape plane (paral-
lel to the crystal c- axis or φ = 90 °) and b) for ﬁxed magnetic ﬁeld
strength (0.5 Tesla) and variable magnetic ﬁeld angle ( φ from −20 °
to 120 ° with respect to the ab-planes). The critical current, I c , is
deﬁned in this paper as the transport current at which the average
electric ﬁeld strength in the bridge was equal to 1 μV/cm. 
Neutron irradiation capsules were designed and prepared for
High Flux Isotope Reactor (HFIR) exposures using the hydraulic
port facility. The irradiation capsules ( Fig 1 ), also called generically
rabbit capsules, utilize a square internal cross-section designPlease cite this article as: K.J. Leonard et al., Irradiation performance o
conducting ﬁlms based on YBCO, Nuclear Materials and Energy (2016),oaded with internal packets containing samples. Each internal
acket contains samples of one type of HTS sample. High purity
luminum bars provide mechanical support for the ﬂexible HTS
apes, with the tapes and bars over-wrapped with high purity
luminum foil to form the packet. The HTS samples within the
rapped packet are placed against the internal wall of the irra-
iation capsule and are held in place with Mo-springs inserted
etween sample packets. The temperatures of the capsules were
onitored and ∼80 °C during irradiations. The irradiations were
erformed during HFIR cycle 456, in October 2014. The calculated
uences based on the recorded time and position within the
ore for the four capsules during the irradiation were 6.54 ×10 17 ,
.30 ×10 18 , 7.00 ×10 18 and 1.12 ×10 19 n/cm 2 ( E > 0.1 MeV). Due
o the high ﬂux of the hydraulic port location, lower ﬂuence
xposures could not be accurately achieved. 
The rabbit capsules were dry cut opened at the Irradiated Ma-
erials Examination and Testing (IMET) facility, with the internal
ackets removed and placed in paper tubes containing desiccant
nd loaded into shielded containers and sealed in plastic bags. Fi-
al sample unloading from the packets and electrical testing were
erformed in the Low Activation Materials Development and Anal-
sis (LAMDA) laboratory at ORNL. The critical current, I c , was de-
ermined at 77 K for both a) variable ﬁeld up to 0.5 Tesla and
xed ﬁeld orientation (normal to sample surface) and b) ﬁxed ﬁeld
0.5 Tesla) and variable ﬁeld orientation. 
esults and discussion 
Two tapes each of the Zr-YBCO and DyBCO materials were
ested for the 6.54 ×10 17 , 1.30 ×10 18 and 7.00 ×10 18 n/cm 2 ( E >
.1 MeV) irradiation conditions. The tapes exposed to the high-
st ﬂuence (1.12 ×10 19 n/cm 2 ) were not subsequently tested due
o cross-contamination with thermoelectric samples added to the
rradiation capsules. While the HTS samples in their aluminum
rapping were protected, the removable contamination level on
he outside wrapping was too excessive to handle immediately in
AMDA, and the packets had to be set aside for activity levels to
educe. However, examination of the lower ﬂuence samples was
uﬃcient in evaluating the performance of the conductors. f rare earth and nanoparticle enhanced high temperature super- 
 http://dx.doi.org/10.1016/j.nme.2016.03.004 
K.J. Leonard et al. / Nuclear Materials and Energy 0 0 0 (2016) 1–5 3 
ARTICLE IN PRESS 
JID: NME [m5G; April 6, 2016;10:57 ] 
Fig 2. Pre- and post-irradiation values of I c as a function of applied ﬁeld direction and magnitude up to 0.5 Tesla, tested at 77 K for the DyBa 2 Cu 3 O 7 conductor. (a) 6.54 ×10 17 , 
(b) 1.30 ×10 18 and (c) 7.00 ×10 18 n/cm 2 ( E > 0.1 MeV). 
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results. The results for each irradiated tape were compared to the pre-
rradiation characterization data. Little difference was observed be-
ween the pre-irradiated electrical property data for the samples
f a given material type, with post-irradiation losses being on the
ame order for each sample despite the initial sample-to-samplePlease cite this article as: K.J. Leonard et al., Irradiation performance o
conducting ﬁlms based on YBCO, Nuclear Materials and Energy (2016),ariations in the pre-irradiated tapes. The post-irradiation data was
lso consistent between the two replicate HTS samples of a given
aterials type for each irradiation condition. Therefore, repeata-
ility in experiment was found to be good with no extraneousf rare earth and nanoparticle enhanced high temperature super- 
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Fig 3. Pre- and post-irradiation values of I c as a function of applied ﬁeld direction and magnitude up to 0.5 Tesla, tested at 77 K for the two replicate Zr-(Gd,Y)Ba 2 Cu 3 O 7 
conductors exposed to 6.54 ×10 17 n/cm 2 ( E > 0.1 MeV). Transport currents were too low to be effectively measured for neutron exposures to higher ﬂuence. 
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d  A summary of the data for speciﬁc sets of DyBCO tapes is pre-
sented in Fig 2 , which shows the pre- and post-irradiation angular
dependence of I c at 0.5 T and 77 K and I c as a function of applied
magnetic ﬁeld ( φ = 90 ° at 77 K). The DyBCO tapes showed a grad-
ual loss in transport critical current with irradiation dose. Although
testing of the 1.12 ×10 19 n/cm 2 dose samples was not completed,
transport currents for these samples are expected to be even lower
than those in Fig 2 . As has been observed for ion and proton ir-
radiated samples in previous studies [1,2,7] , a cross over may oc-
cur for ﬁelds greater than those tested (0.5 Tesla) for I c versus ap-
plied ﬁeld before and after neutron irradiation. The decrease in I c 
with increasing dose is likely attributed to defect generation within
the YBCO-structured matrix of the ﬁlm. This is most likely in the
form of amorphous regions initiating at ﬂuences lower than that of
those conditions tested, with the amorphous regions growing and
eventually restricting current ﬂow [8,9] . Based on the consistency
in the shape of the angular dependence curves (which provides in-
formation on the pinning strength and alignment of particles or
defects creating the pinning effects), it is not expected that a sig-
niﬁcant change has occurred to the size, shape and distribution of
the nanoparticle Dy 2 O 3 particles within the conductor ﬁlm. 
The post-irradiation data for the Zr-YBCO could only be mea-
sured for the 6.5 ×10 17 n/cm 2 irradiated material, as transport cur-
rents for the higher dose samples were below detection level of
the instrumentation used in the lab. The data for the two Zr-YBCO
samples from the lowest ﬂuence capsule are shown in Fig 3 . The
shape of the angular ﬁeld dependence curves for the Zr-YBCO sam-
ples suggests a signiﬁcant change in the distribution of the BaZrO 3 
nanoparticles within the conductor. The I c loss near φ = 90 ° mea-
surement, suggests the loss of c-axis nanoparticle alignment withinthe material. i  
Please cite this article as: K.J. Leonard et al., Irradiation performance o
conducting ﬁlms based on YBCO, Nuclear Materials and Energy (2016),Improvements in ﬂux pinning through irradiation-induced de-
ect creation has been seen in YBCO through ion [1,2,9–13] , pro-
on [7,14,15] , electron [16–19] , and neutron [16,20–32] irradiation.
ncreases in critical current density ( J c ) have been generally mea-
ured following neutron irradiation to ﬂuences > 1 ×10 16 n/cm 2 
 E > 0.1 MeV) and peak around 0.6–1 ×10 18 n/cm 2 . Increases in the
rradiated J c over unirradiated values J 
irrad 
c /J 
unirr 
c are between 2 and
 times for YBCO irradiated to 4.4 ×10 21 n/m 2 ( E > 0.1 MeV) for
easurements between 50 and 77 K [25] . By comparison, critical
urrent values of neutron irradiated Nb 3 Sn are approximately 1.5
imes higher than unirradiated values following 14 MeV neutron ir-
adiation to 1.78 ×10 17 n/cm 2 [32] . The decreased sensitivity of J c is
n part due to the larger coherency length ( ξ ) of Nb 3 Sn than YBCO
3 nm versus 1.5 nm at 0 K [33] ), which reduces the net effect of
he elementary pinning force of the defects. 
The lack of improvement in transport properties of the neutron
rradiated conductors of this study may be due to several factors,
ome of which are currently being examined. However, improve-
ents in I c may have occurred at ﬂuences below those which were
ested. A ﬂuence of ∼5 ×10 17 n/cm 2 is the lowest achievable using
he HFIR hydraulic port facility without increased uncertainties re-
ated to accurate recording of dwell time within the core due to
he high nominal ﬂux (1.1–2.5 ×10 15 n/cm 2 s depending on posi-
ion). Other port locations can provide lower ﬂux conditions, but
udget and experimental complexity have limited the exploration
f these options. 
The performance of the conductor, speciﬁcally the enhance-
ent in J c following irradiation, is also highly sample dependent,
ith variations in literature data attributed to sample defect con-
itions prior to irradiation [26] or to secondary phases present
n the YBCO [30] . For effective ﬂux pinning, the defect size mustf rare earth and nanoparticle enhanced high temperature super- 
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 e around the coherency length, which is dependent on tem-
erature [10] . The small coherence length in YBCO, makes point
efects effective as pinning of vortices [33] . Small pre-irradiation
efects may not effectively contribute to pinning at higher test
emperatures (near 77 K), while larger defects are eﬃcient pinning
ites at higher temperatures and lower ﬁelds [25] . Therefore, ef-
ective pinning from neutron induced defects or changes to pre-
xisting defects may not be observed even within the lower ex-
osure doses due to the higher post-irradiation characterization
emperatures used in this study. However, designs for fusion type
evices [34] consider operating conductors at temperatures lower
han liquid nitrogen due to the strong reversibility ﬁeld depen-
ence to applied magnetic ﬁelds, which does not show a signiﬁ-
ant improvement with irradiation [2] . These lower temperatures
ill provide some beneﬁt to the conductor properties under ir-
adiation. For DyBCO, Prokopec et al. [31] demonstrated higher I c 
alues over unirradiated up to 2.9 ×10 18 n/cm 2 for post-irradiation
est temperatures below 50 K. For exposure to higher ﬂuences, I c 
ell below that of unirradiated. Therefore, the ability of rare-earth
oping does not provide a signiﬁcant improvement over un-doped
BCO. The presence of non-conducting nanoparticles, intentionally
dded to improve in-ﬁeld transport properties of the conductors,
educe the total viable cross-section of superconducting material.
s radiation-induced amorphized regions are known to form and
row within the conductor with increasing dose [8,9] , it is likely
hat the growth of the amorphized regions between the nanopar-
icles result in a more rapid reduction in the viable superconduct-
ng current cross-section of the tape. The changes to microstruc-
ure from neutron irradiation are being compared to that of the
arlier ion-irradiation data. 
onclusions 
Neutron irradiation of Zr-(Gd x ,Y 1 −x )Ba 2 Cu 3 O 7 and
Y 1 −x ,Dy x )Ba 2 Cu 3 O 7 coated conductor tapes was performed
or ﬂuences between 6.54 ×10 17 and 1.12 ×10 19 n/cm 2 ( E >
.1 MeV). Changes in the irradiated properties of the tapes were
irectly compared to the pre-irradiated value of each test speci-
en. The (Y 1 −x ,Dy x )Ba 2 Cu 3 O 7 conductor revealed gradual I c loss
ver pre-irradiation conditions for the range of test conditions.
he Zr-(Gd x ,Y 1 −x )Ba 2 Cu 3 O 7 samples showed faster degradation
f properties with ﬂuence, resulting in I c values dropping below
etectable levels for samples exposed to 1.30 ×10 18 n/cm 2 . Any
esulting increase in supercurrent with irradiation, as observed in
arlier work on YBCO tapes, may have occurred at ﬂuences below
hose tested. The fact that irradiation losses occurred at ﬂuences
here non-rare earth doped YBCO tapes showed increases in
ritical currents, may suggest that nano-particle doping produces
efects in the unirradiated material that are similar in behavior to
hose developed during the early stages of irradiation of undoped
apes. With further irradiation, these defects, whether induced by
ano-particles or irradiation, grow and coalesce to reduce both the
upercurrent pathway and the overall conductor performance. 
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